Abstract: Future power systems are expected to have distributed energy resources (DERs). A price-based operation (PBO), where dynamic prices are used as the control signal, can be an alternative scheme to address challenging operational issues in the future power systems. In this paper, a decentralized framework for optimal PBO using a feedback control mechanism is proposed to determine the nodal prices for power balance and congestion management. The substructures and feedback controllers of the proposed framework are derived based on the optimal power flow (OPF) method. Thus, the framework guarantees optimality for all situations in real-time and enables the use of various types of controllers. The effectiveness of the proposed framework is verified with the IEEE 39 bus network under some scenarios, such as the failure of a generator and a transmission line. The results clearly demonstrate that the proposed framework successfully resolves the balance and congestion problems by generating appropriate nodal prices in the PBO and provides a solution similar to the optimal solution determined by the conventional OPF method.
Introduction
The conventional power systems, which include a small number of suppliers with a large generation capacity and very few consumers with a price-responsive capability, have been designed and operated in a centralized scheme. Economic dispatch (ED) and optimal power flow (OPF) methods are well-known techniques for the centralized power system operation [1] . In the ED method, the amount of generation of each unit is determined with the objective of minimizing the generation cost for the forecasted load; in the OPF method, the constraints on power flows in the network are additionally considered within the ED framework. Then, the system marginal price and/or nodal prices are determined as the outcomes of the optimization procedures. However, future power systems will integrate more widespread distributed energy resources (DERs), such as renewable energy sources, energy storage systems, and price-responsive loads [2, 3] . This will lead to a fundamental change of the power industry and challenging operational issues because the number of DERs will be large and the uncertainty and complexity of future power systems will, accordingly, increase significantly [4, 5] .
When addressing the operational challenges in a decentralized manner, it is suggested that the dynamic prices in an electricity market should be used as a control signal to coordinate the behaviors of DERs, including the price-responsive customers; then, the predictable and reliable system reaction can be achieved [6] . This concept of price-based operation (PBO) as an alternative operating scheme was first presented by Schweppe et al. in the 1980s [7, 8] .
A considerable number of studies on PBO have been further conducted. The behavior of the participants was modeled as a set of dynamic equations, and the stability of the dynamic system was analyzed in various cases [9, 10] . Modified dynamic equations were proposed to improve stability [11] . In addition, [12] described the possibility of congestion management based on real-time price signals. A congestion management scheme employing different prices at each node was suggested in terms of the steady-state operation [13] . This approach is extended in [14] , which considers the response dynamics of participants. A method using a real-time feedback controller based on OPF was presented [15] . In [16] , an information and communications architecture was proposed to realize the PBO concept. A technique to estimate the behaviors in response to time-varying prices was presented in [17] . A basic feedback control structure of the PBO was presented in [18] , where a conventional method for tuning controllers is applied to make effective price signals.
The most critical limitation of the PBO in practical implementation is the real-time transmission of the dynamic price signal. For this reason, the PBO has not attracted much attention as an active research topic. However, in the era of smart grids with a large number of DERs, backed up by rapidly-developing information and communication technology, the PBO can be a candidate to address the emerging operational issues and also an effective decentralized framework in future power systems based on the price-based control signal. Moreover, the concept of the PBO can be applied well to the operation of a microgrid, which can be viewed as a modern small-scale power system with multiple DERs and price-responsive loads. In addition, by suitably defining a multi-objective function and the corresponding behaviors of various DERs and local loads, the PBO can be implemented in a microgrid, which is operated optimally, e.g., in terms of both the operational cost and greenhouse gas emission [19] . Therefore, this paper tries to re-examine the PBO and propose a decentralized framework to coordinate DERs.
In the PBO, similarly as the conventional power system operation, nodal prices should be generated for maintaining power/energy balance and avoiding line congestion. In some cases, it will be more effective to separate the nodal prices into the components related to power/energy balance and line congestion, respectively, then applying different rules to generate each component of nodal prices. Moreover, if the nodal prices are not generated in an elaborately designed structure, an optimal solution may not be achieved even though the conditions on the power/energy balance and line congestion are satisfied. Therefore, this paper proposes a decentralized framework for the PBO using the feedback control mechanism to coordinate DERs, where nodal prices are determined in a decentralized manner while achieving the power balance and congestion management.
The remainder of this paper is organized as follows. In Section 2, the existing OPF method is described as a foundation of this proposal and the nomenclature is also given for the following development. In Section 3, each optimal condition of OPF is interpreted as a substructure of the proposed framework. Specific forms of target systems are also presented in Section 3, which should be considered in the process of the design of the PBO. The overall structure of the framework is also given in Section 4. The effectiveness of the proposed framework is verified by the simulations under various scenarios, including generator and transmission line failures using the IEEE 39 bus network in Section 5. Concluding remarks are given in Section 6. 
Optimal Power Flow
The formulation of OPF is based on the following assumptions: the power flow is calculated using the DC power flow method [1] , and bus 1 is a slack bus, such that θ 1 = 0. Thus, the OPF problem can be formulated as the following optimization problem:
subject to the power balance equation
the load flow equation at each buŝ
and the transmission line constraint at each branch
Based on the assumption of DC power flow, the active power flow from bus i to bus j is determined by
Subsequently, P f can be represented in terms of relative phase anglesθ as
Let x be defined as x T = P g T P T d . Then, Lagrangian L : R 2n b × R 2n l → R can then be obtained from (1) to (4) and (6) as:
Thus, the optimality condition can be determined from Karush-Kuhn-Tucker conditions [20] as
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The optimal nodal prices are composed of Lagrange multipliers λ P and λ θ that satisfy the set of conditions from (8a) to (8h), which can be written as
The terms µ + and µ − are congestion prices, which represent the possible cost reduction that can be achieved when the maximum transfer limit of the line increases by one unit. If no congestion occurs, all elements of µ + and µ − are zero. Then, λ θ becomes 0 from (8b), which indicates that the nodal prices are all equal.
For the line constraints in (8e) to (8h), no case involves simultaneous violations of the constraints of the positive and negative flow limits. Moreover, the sign of the power flow depends on its defined direction. Thus, without any loss of generality, only the positive maximum power flow will be considered as inequality constraints. Then, (8f) and (8h) are naturally met, and µ − is always equal to zero. Accordingly, for simplicity of expression, µ will be used instead of µ + in the following description. Consequently, (8a)-(8h) constitute the optimal conditions, which are considered in the composition of the general framework for the design of the PBO.
Structure of Decentralized Framework

Substructure for Marginal Price
Although participants in the power market can exhibit various responses to electricity prices, it may be reasonable to assume that their behaviors are based on a perfect competition situation [9, 10] . Each participant then changes generation/consumption behaviors with respect to the difference between the price and the marginal cost/benefit. The functions for marginal cost and marginal benefit can also be assumed to be affine [21, 22] . Thus, the dynamic behavior of the participants at bus k can be written as τ g,k
Condition (8a) indicates that, at the optimal operating point, the marginal cost of generation and the marginal benefit of consumption are identical to the nodal prices at the corresponding buses. Thus, (8a) can be satisfied by the assumption regarding the behavior of the participants in (10).
Substructure for Balancing Power and Energy
The condition of power balance is related to (8c). If the supply is greater than the demand, 1 T P becomes positive. In the opposite case, 1 T P becomes negative. Thus, (8c) can be met by adding the following dynamic equation for power/energy balance to (10) .
and by performing the control action to drive the energy imbalance, E, to zero. This condition is equivalent to the typical feedback control problem, in which the energy imbalance is the output of the system, the reference value for the output is set to zero, and the price component, λ P , is the input of the system [18] . This substructure for the power/energy balance is illustrated also in [18] . If the balance condition is represented as a feedback control problem, the performance of the PBO is dependent on the design or tuning of the controller. The target system for the design of the power/energy balance controller can be determined from (10) can be integrated to form a disturbance, D(s), which is added to the system output [18] . The output disturbance can then be represented as
The target system for power/energy balance can be formed from other variables as
In the case of price inelastic demand, the second term related to the demand in (13) is removed, and the target system can be represented as
Thus, H λ (s) in (13) or (14) is the target system for the design or tuning of the real-time power/energy balance controller, G λ (s).
Substructure for Nodal Prices
According to (8b), a relationship exists between the Lagrange multiplier, λ θ , and the congestion price, µ, in order to ensure the optimal operation, which can be rewritten aŝ
In the absence of congestion, µ is equal to 0. Likewise, λ θ becomes 0, and all the nodal prices are equal as a result of (9) . If congestion occurs, the element of µ corresponding to the congested line becomes positive. LetB T be expressed asB T = b 1B (16) whereb 1 is the first column ofB T , which is a (n b − 1) × 1 vector corresponding to the slack bus. Similarly, let λ θ be denoted as
Then, (15) can be represented as
Letλ θ be expressed asλ
Then, (18) can be arranged as
The elements of the term (b 1 +B 1) in (20) denote the sum of the elements of each row of B except the slack bus. By definition, they are all equal to zero. Thus, (20) becomeŝ
If the inverse ofB is pre-multiplied by (21), the following relationship can be derived:
where X −1Â (B ) −1 is the power transfer distribution factor (PTDF) except for the assigned slack bus [23] , and its dimension is n l × (n b − 1). The value of λ θ,1 only shifts the value of λ P and does not affect the optimal condition. Thus, the value of λ θ,1 is assumed to be zero for simplicity. Thus, from (9), (17), (19) , and (22), the optimal nodal price can be determined as
From the perspective of control engineering, (−S T µ) can be considered as a disturbance added to the controller output, λ P . This interpretation is used in the composition of the substructure to determine the relationship between the nodal prices and the congestion prices, which is shown in Figure 1 . Consequently, the optimal condition in (8b) can be satisfied by subtracting the congestion price multiplied by the PTDF from the nodal price of the slack bus.  is assumed to be zero for simplicity. Thus, from (9), (17), (19) , and (22), the optimal nodal price can be determined as
From the perspective of control engineering, () T S μ can be considered as a disturbance added to the controller output, P  . This interpretation is used in the composition of the substructure to determine the relationship between the nodal prices and the congestion prices, which is shown in Figure 1 . Consequently, the optimal condition in (8b) can be satisfied by subtracting the congestion price multiplied by the PTDF from the nodal price of the slack bus. 
Substructure for Line Congestion Management
The management of line congestion can also be represented as a feedback control problem. However, a congestion management controller is individually assigned to each line. For line l , the output of a controller is the congestion price, l  , whereas the output of the system is the variation in power flow attributed to the congestion price. Let 
where the terms in parentheses constitute the time-varying reference.
Contrary to the fact that the reference of the power/energy balance controller is always set to zero, the reference of the congestion management controller is conditional and time-varying. The 
The management of line congestion can also be represented as a feedback control problem. However, a congestion management controller is individually assigned to each line. For line l, the output of a controller is the congestion price, µ l , whereas the output of the system is the variation in power flow attributed to the congestion price. Let P λ f ,l and P µ f ,l denote the partial components of actual power flow in the line l induced by λ P and µ l , respectively. Then, when congestion occurs, the error input into the controller becomes: where the terms in parentheses constitute the time-varying reference.
Contrary to the fact that the reference of the power/energy balance controller is always set to zero, the reference of the congestion management controller is conditional and time-varying. The term "conditional" indicates that the reference is set to zero in a normal situation without congestion, but that it changes into the difference between the maximum power flow and the partial component of the actual power flow induced by λ P , or P max f ,l − P λ f ,l , during congestion. The term "time-varying" indicates the variation in the reference, owing to the changes in time in the actual power flow induced by λ P . Subsequently, the role of the controller for managing line congestion is transformed to a reduction in the actual power flow over the maximum flow limit, which is achieved by generating the appropriate congestion price, µ l .
The target system for the design of the congestion management controller can be determined by starting from (13) or (14) . From µ l to P µ f ,l , multiplication with the negative PTDF converts µ l into nodal prices, as shown in (23) and in Figure 1 . This condition induces the variation in power injection at each node according to the transfer function in (13) or (14) . Finally, this variation in power injection is transferred into the variation in power flow in the line l, which is then multiplied by the PTDF term. Consequently, the target system for managing congestion in the transmission line can be represented as
Inelastic demand in response to price can be written as:
The negative sign before S l,k in (25) and (26) indicates that the positive congestion price needs to induce a reduction in power flow in order to meet the maximum flow limit. This configuration, which is the feedback control problem for managing congestion in the line l, is shown in Figure 2 . term "conditional" indicates that the reference is set to zero in a normal situation without congestion, but that it changes into the difference between the maximum power flow and the partial component of the actual power flow induced by P  , or
, during congestion. The term "time-varying"
indicates the variation in the reference, owing to the changes in time in the actual power flow induced by P  . Subsequently, the role of the controller for managing line congestion is transformed to a reduction in the actual power flow over the maximum flow limit, which is achieved by generating the appropriate congestion price,
The target system for the design of the congestion management controller can be determined by starting from (13) or (14) . (23) and in Figure 1 . This condition induces the variation in power injection at each node according to the transfer function in (13) or (14) . Finally, this variation in power injection is transferred into the variation in power flow in the line l , which is then multiplied by the PTDF term. Consequently, the target system for managing congestion in the transmission line can be represented as
Inelastic demand in response to price can be written as: 
The negative sign before , lk S in (25) and (26) indicates that the positive congestion price needs to induce a reduction in power flow in order to meet the maximum flow limit. This configuration, which is the feedback control problem for managing congestion in the line l , is shown in Figure 2 . 
Overall Structure of the Framework
The overall structure of the proposed framework for the optimal design of real-time PBO can be obtained by combining the substructures in Figures 1 and 2 . However, modifications should be made after investigating the availability of output signals in Figure 2 . In other words, although (24) may be reasonable in terms of expression, it cannot be used in real applications because 
Then, (24) can be written as 
The overall structure of the proposed framework for the optimal design of real-time PBO can be obtained by combining the substructures in Figures 1 and 2 . However, modifications should be made after investigating the availability of output signals in Figure 2 . In other words, although (24) may be reasonable in terms of expression, it cannot be used in real applications because P λ f ,l and P µ f ,l are immeasurable quantities. By transforming Figure 2 into a form with measurable variables, the actual power flow, P f ,l , is represented as
Then, (24) can be written as P max
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As P f ,l is a measurable quantity, (28) can be used in practical applications. Thus, the overall structure of the framework with measurable quantities can be constructed as shown in Figure 3 .
As
, fl P is a measurable quantity, (28) can be used in practical applications. Thus, the overall structure of the framework with measurable quantities can be constructed as shown in Figure 3 . 
Congestion management controller
Congestion occurs 0 f P Figure 3 . Overall structure of the framework for the design of optimal price-based operation.
Simulations and Verification
Simulation Settings
The proposed framework for designing an optimal PBO is simulated and verified with the IEEE 39 bus network [24] , as shown in Figure 4 . Bus 31 is assumed to be the slack bus [24] . The parameter values for maximum generation and the dynamic equations of suppliers are constructed from generator rating and cost function based on a previous study [25] . These values are given in Table 1 . The loads are assumed to be price-inelastic. The constant demand at each bus is the same as in a previous study [24] . The total demand is 6097.1 MW. Subsequently, the quantities of generation in the basic case, which are not limited by maximum generation and congestion, are obtained from the OPF function of Matpower [26] . These values are presented in Table 2 . In the basic case, the nodal price at all buses is $15.87/MWh. The values for line susceptance and maximum power flow of each line are taken from [24, 26] . In particular, the maximum power flows of the line from bus 16 to bus 19 and the line from bus 23 to bus 24 are both set to 600 MW, which are the lines where congestion occur in the simulation. The simulations are performed with MATLAB/Simulink (version 8.1) and Matpower (version 4.1) [26] . 
Simulations and Verification
Simulation Settings
The proposed framework for designing an optimal PBO is simulated and verified with the IEEE 39 bus network [24] , as shown in Figure 4 . Bus 31 is assumed to be the slack bus [24] . The parameter values for maximum generation and the dynamic equations of suppliers are constructed from generator rating and cost function based on a previous study [25] . These values are given in Table 1 . The loads are assumed to be price-inelastic. The constant demand at each bus is the same as in a previous study [24] . The total demand is 6097.1 MW. Subsequently, the quantities of generation in the basic case, which are not limited by maximum generation and congestion, are obtained from the OPF function of Matpower [26] . These values are presented in Table 2 . In the basic case, the nodal price at all buses is $15.87/MWh. The values for line susceptance and maximum power flow of each line are taken from [24, 26] . In particular, the maximum power flows of the line from bus 16 to bus 19 and the line from bus 23 to bus 24 are both set to 600 MW, which are the lines where congestion occur in the simulation. The simulations are performed with MATLAB/Simulink (version 8.1) and Matpower (version 4.1) [26] . Two scenarios are simulated. The first scenario is a generation failure at the bus 33 given 0 t  [27] . This condition violates the maximum generation at bus 38. As congestion is not observed in this scenario, only the power/energy balance controller is considered. To formulate the power/energy Two scenarios are simulated. The first scenario is a generation failure at the bus 33 given t = 0 [27] . This condition violates the maximum generation at bus 38. As congestion is not observed in this scenario, only the power/energy balance controller is considered. To formulate the power/energy balance controller, three PID controllers are designed according to the tuning rule in [18] by adjusting the speed of closed-loop responses (τ c ). The specific forms of the balance controllers are presented in Table 3 . The approximate target system for tuning can also be derived from [18] as follows:
The specific forms of the balance controllers are given in Table 3 . The second scenario involves the tripping of the line running from bus 21 to 22 at t = 0 [28] . This scenario consists of three events, namely, the violation of maximum generation at bus 38 and the congestion of the line from bus 19 to bus 16 and of the line from bus 23 to bus 24. Two transmission lines are congested; therefore, corresponding controllers for congestion management should be designed in addition to the power/energy balance controller. The PI controller is selected as a type of congestion management controller for the target system in [22] based on the tuning rule in [29] . As a specific form of the power/energy balance controller, the controller in Case A-II (τ c = 0.4) is selected. Based on the selected power/energy balance controller, three designs are developed for the congestion management controller. In Case B-I, however, the concept of separate tuning for the power/energy balance controller and the congestion management controller is not employed; thus, in Case B-I, the congestion management controller is identical to the balance controller. In Case B-II, the gain of the congestion management controller is separately adjusted through trial and error. Finally, in Case B-III, the nodal prices in the steady state are calculated using the existing OPF method, and the congestion management controllers are designed as the unit step functions. Therefore, the congestion prices in Case B-III are not dynamically determined using the feedback control mechanism. The properties of the proposed framework are fully realized in Case B-II by individually designing the power/energy balance controller and congestion management controller. Nonetheless, in addition to the comparison purpose between the methods, Case B-I and Case B-III are meaningful to verify the property of convergence to the optimal state regardless of a specific design within the proposed PBO framework. The specific forms of the balance and congestion management controllers are displayed in Table 4 . 
Simulation Results for a Generation Failure Scenario
The simulation results of a generation failure are shown in Figure 5 . A single nodal price is provided to all buses in the absence of congestion. This price changes from $15.87/MWh to Energies 2017, 10, 291 11 of 16 $17.41/MWh after the failure. As indicated in Figure 5 , the shapes of total generation, energy imbalance, and price vary according to controller design. In particular, the price increases sharply in the presence of a failure. In particular, the total generation and energy imbalance recover quickly to the normal state in contrast to a sharp increase in the price at the instant of failure. Thus, a trade-off exists between the recovery speed and increase in peak value of nodal price. The results in Case A-I must also be investigated. Although the energy imbalance is minimal in this case, the total generation and price oscillate slightly. Therefore, another trade-off occurs between recovery speed and the smooth changes in total generation and energy imbalance. Consequently, a suitable choice between the conflicting properties of various trade-off types is important when designing a PBO.
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The simulation results of a generation failure are shown in Figure 5 . A single nodal price is provided to all buses in the absence of congestion. This price changes from $15.87/MWh to $17.41/MWh after the failure. As indicated in Figure 5 , the shapes of total generation, energy imbalance, and price vary according to controller design. In particular, the price increases sharply in the presence of a failure. In particular, the total generation and energy imbalance recover quickly to the normal state in contrast to a sharp increase in the price at the instant of failure. Thus, a trade-off exists between the recovery speed and increase in peak value of nodal price. The results in Case A-I must also be investigated. Although the energy imbalance is minimal in this case, the total generation and price oscillate slightly. Therefore, another trade-off occurs between recovery speed and the smooth changes in total generation and energy imbalance. Consequently, a suitable choice between the conflicting properties of various trade-off types is important when designing a PBO. The simulation does not emphasize the advantages and disadvantages of any certain design; however, it does emphasize the fact that any design can be applied to the proposed PBO framework as long as convergence is guaranteed. In all three controller designs, prices converge to the new steady-state price of $17.41/MWh, which is equal to the optimal nodal price obtained using the OPF method. In all cases, total generation is also equal to total demand. Thus, the proposed framework can generally be used with any of the optimal PBO designs. To improve the dynamic characteristics of PBO, the target system in either (13) or (14) can provide important design information.
Simulation Results for a Line Trip Scenario
The simulation results of a line trip are depicted in Figure 6 . Even without events such as a generation failure, power/energy imbalance occurs due to the variation in generation quantities. This The simulation does not emphasize the advantages and disadvantages of any certain design; however, it does emphasize the fact that any design can be applied to the proposed PBO framework as long as convergence is guaranteed. In all three controller designs, prices converge to the new steady-state price of $17.41/MWh, which is equal to the optimal nodal price obtained using the OPF method. In all cases, total generation is also equal to total demand. Thus, the proposed framework can generally be used with any of the optimal PBO designs. To improve the dynamic characteristics of PBO, the target system in either (13) or (14) can provide important design information.
The simulation results of a line trip are depicted in Figure 6 . Even without events such as a generation failure, power/energy imbalance occurs due to the variation in generation quantities. This variation is caused by the price of relieving congestion in the line from bus 23 to bus 24. However, this imbalance is smaller than that in the generation failure event, as shown in Figure 5b . Figure 6b shows that Case B-I is better than Case B-II because the decrease in the energy imbalance, related to the system frequency, is the smaller. However, it can be seen from Figure 6c ,d that the congestion is resolved too slow and, thus, Case B-I is worse than Case B-II in terms of the congestion management. In contrast, Figure 6c shows that the congestions in the line from bus 23 to bus 24 is resolved the fast in Case B-III. As can be seen from Figure 6d , the same is true for the line from bus 19 to bus 16. However, it can be seen from Figure 6b that the variation in the energy imbalance is severe in Case B-III, which means that the system frequency drops the most in Case B-III for the same event. Therefore, considering both the aspects of power/energy balance and congestion management, Case B-II can be the most suitable choice, and the proposed framework enables such a better design. Figure 6b shows that Case B-I is better than Case B-II because the decrease in the energy imbalance, related to the system frequency, is the smaller. However, it can be seen from Figure 6c ,d that the congestion is resolved too slow and, thus, Case B-I is worse than Case B-II in terms of the congestion management. In contrast, Figure 6c shows that the congestions in the line from bus 23 to bus 24 is resolved the fast in Case B-III. As can be seen from Figure 6d , the same is true for the line from bus 19 to bus 16. However, it can be seen from Figure 6b that the variation in the energy imbalance is severe in Case B-III, which means that the system frequency drops the most in Case B-III for the same event.
Therefore, considering both the aspects of power/energy balance and congestion management, Case B-II can be the most suitable choice, and the proposed framework enables such a better design.
Regardless of the performance of each case, analyzing the relationship between power/energy balance and congestion management is important. The rapid resolution of congestion is the result of rapid variation and the high overshoot in power generation, as shown in Figure 6a . These occurrences are in turn induced by the abrupt increase in congestion prices, as observed in Figure 6e ,f. However, the rapid variation in power generation causes a strong energy imbalance, as depicted in Figure 6b . Thus, congestion management can be enhanced at the expense of energy imbalance or frequency stability. This scenario exhibits a type of trade-off between balance and congestion management. In other words, each transmission system operator may individually manage the congestion of a corresponding line within the framework. Congestion management controllers are also separately designed in this case. However, if the design of the congestion management controller is extremely inclined toward managing the corresponding line, the power/energy balance or frequency stability can be threatened. Therefore, a policy or rule should be implemented in order to appropriately coordinate operations of independent system operators or transmission system operators in a decentralized environment.
The significant difference between the framework and the OPF method is illustrated in Figure 6e . Given that the framework is based on a control mechanism with real-time feedback, the congestion prices of the line from bus 19 to bus 16 increase from zero immediately following congestion (t = 12.66 min in Case B-I and t = 4.43 min in Case B-II). In Case B-III, the congestion prices jump from zero to the OPF solution at t = 0 because the OPF method was applied in this case. Therefore, the final values in the steady state can be calculated, but the exact instance of congestion onset cannot be predetermined. Hence, the proposed framework is suitable for real-time operation.
As in the generation failure scenario, the framework focuses not only on the performance of the specific design, but also on the convergence characteristics as compared to those of the optimal solution. The total generation is first equalized to a constant total demand in all three cases, as indicated in Figure 6a . The energy imbalance then returns to zero, as displayed in Figure 6b . The congestion prices of the line from bus 19 to bus 16 and the line from bus 23 to bus 24 converge at $0.11 and $4.43/MWh, respectively. These values are equal to those obtained using the OPF method. At all buses, the nodal prices converge to the OPF solution, as do the generation quantities of ten generator buses. This finding is demonstrated with the selected buses 31 and 35 in Figures 7 and 8 , respectively. Although the shapes of the variation in the three cases differ with respect to the design of the congestion management controller, they all converge to a single optimal solution derived from the OPF method. Regardless of the performance of each case, analyzing the relationship between power/energy balance and congestion management is important. The rapid resolution of congestion is the result of rapid variation and the high overshoot in power generation, as shown in Figure 6a . These occurrences are in turn induced by the abrupt increase in congestion prices, as observed in Figure 6e ,f. However, the rapid variation in power generation causes a strong energy imbalance, as depicted in Figure 6b . Thus, congestion management can be enhanced at the expense of energy imbalance or frequency stability. This scenario exhibits a type of trade-off between balance and congestion management. In other words, each transmission system operator may individually manage the congestion of a corresponding line within the framework. Congestion management controllers are also separately designed in this case. However, if the design of the congestion management controller is extremely inclined toward managing the corresponding line, the power/energy balance or frequency stability can be threatened. Therefore, a policy or rule should be implemented in order to appropriately coordinate operations of independent system operators or transmission system operators in a decentralized environment.
The significant difference between the framework and the OPF method is illustrated in Figure  6e . Given that the framework is based on a control mechanism with real-time feedback, the congestion prices of the line from bus 19 to bus 16 increase from zero immediately following congestion ( 12.66 t  min in Case B-I and 4.43 t  min in Case B-II). In Case B-III, the congestion prices jump from zero to the OPF solution at 0 t  because the OPF method was applied in this case. Therefore, the final values in the steady state can be calculated, but the exact instance of congestion onset cannot be predetermined. Hence, the proposed framework is suitable for real-time operation.
As in the generation failure scenario, the framework focuses not only on the performance of the specific design, but also on the convergence characteristics as compared to those of the optimal solution. The total generation is first equalized to a constant total demand in all three cases, as indicated in Figure 6a . The energy imbalance then returns to zero, as displayed in Figure 6b . The congestion prices of the line from bus 19 to bus 16 and the line from bus 23 to bus 24 converge at $0.11 and $4.43/MWh, respectively. These values are equal to those obtained using the OPF method. At all buses, the nodal prices converge to the OPF solution, as do the generation quantities of ten generator buses. This finding is demonstrated with the selected buses 31 and 35 in Figures 7 and 8 , respectively. Although the shapes of the variation in the three cases differ with respect to the design of the congestion management controller, they all converge to a single optimal solution derived from the OPF method. 
Conclusions
This paper proposed a decentralized framework for the real-time price-based power system operation using the feedback control mechanism. The feedback controller determines the status of the power system with regard to power balance and line flows and generates an appropriate price signal in real-time when imbalance or congestion occurs in a power system. Since the substructures of the framework are derived from the optimality conditions of the OPF method, the proposed PBO framework guarantees optimality. In addition, any type of controller can be applied under the optimal condition within the framework as long as it satisfies the convergence property. Further, the tuning of the proposed framework will improve the dynamic characteristics of the PBO.
The performance of the proposed framework was verified with the IEEE 39 bus network for various PBO designs under various conditions, including a generation failure and a transmission line trip. The framework led to stable power system operation after failure, regardless of the form of the controller, even though the transient characteristics are different. The results clearly indicated that the prices in the framework converged to the optimal solution of the OPF method.
The advantages of the PBO lie in the fact that it not only guarantees optimality, but also allows for the use of any type of controller, including a common PID controller. Furthermore, the framework is suitable for the operation of a decentralized environment with a large number of distributed energy resources, which may be the shape of future power systems.
